Phosphotransbutyrylase (phosphate butyryltransferase [EC 2.3.1.19]) from Clostridium acetobutylicum ATCC 824 was purified approximately 200-fold to homogeneity with a yield of 13%. Steps used in the purification procedure were fractional precipitation with (NH4)2SO4, Phenyl Sepharose CL-4B chromatography, DEAE-Sephacel chromatography, high-pressure liquid chromatography with an anion-exchange column, and high-pressure liquid chromatography with a hydrophobic-interaction column. Gel filtration and denaturing gel electrophoresis data were consistent with a native enzyme having eight 31,000-molecular-weight subunits. Within the physiological range of pH 5.5 to 7, the enzyme was very sensitive to pH change in the butyryl phosphate-forming direction and showed virtually no activity below pH 6. This finding indicates that a change in internal pH may be one important factor in the regulation of the enzyme. (7) in Clostridium acetobutylicum. Those workers partially purified the enzyme and showed that it is an enzyme distinct from phosphotransacetylase (PTA), which catalyzes a similar reaction with acetyl-CoA. Valentine and Wolfe (27) partially purified PTB from Clostridium butyricum and detected PTB in several other species of clostridia. PTB has not previously been isolated in homogeneous form, and there have been no detailed reports of its physical or kinetic properties.
ferase [EC 2.3.1.19]) carries out the interconversion of butyryl coenzyme A (butyryl-CoA) and butyryl phosphate: butyryl-CoA + PO4 = butyryl phosphate + CoASH, where CoASH denotes the reduced form of CoA. PTB was first reported by Gavard et al. (7) in Clostridium acetobutylicum. Those workers partially purified the enzyme and showed that it is an enzyme distinct from phosphotransacetylase (PTA), which catalyzes a similar reaction with acetyl-CoA. Valentine and Wolfe (27) partially purified PTB from Clostridium butyricum and detected PTB in several other species of clostridia. PTB has not previously been isolated in homogeneous form, and there have been no detailed reports of its physical or kinetic properties.
PTB and butyrate kinase together form a pathway that enables butyric acid clostridia to convert butyryl-CoA to butyrate, a conversion which is an important source of ATP. This pathway is of particular interest in C. acetobutylicum because under certain fermentation conditions the PTBbutyrate kinase pathway is inactive, producing little or no butyrate, and the available butyryl-CoA is channeled toward the formation of butanol.
Several observations have helped to explain how this shift from the butyrate pathway to the butanol pathway is effected. Hartmanis and Gatenbeck (11) observed the almost complete loss of PTB activity coinciding with cessation of butyrate production; however, they also noted an increase in butyrate kinase activity which was contrary to expectations. In contrast, Andersch et al. (1) found that specific activities of PTB and butyrate kinase decreased at the end of butyrate formation by about 30 and 60%, respectively, relative to their peak activities. The specific activities of enzymes of the butanol pathway increased. The shift to the butanol pathway also has been linked to the loss of hydrogenase activity * Corresponding author.
t Present address: Department of Chemical Engineering, North- western University, 2145 Sheridan Road, Evanston, IL 60208. occurring at about the same time. Consequently, the metabolic shift to butanol production allows for the dissipation of reduction equivalents in the form of NADH and NADPH (1, 15) .
In addition to the documented involvement in butyrate synthesis, PTB and butyrate kinase may also have an important role in butyrate uptake in specific metabolic states. This pathway was previously shown to be reversible in vitro (27) . Meyer et al. (21) found that when continuous steady-state fermentations producing high levels of butyrate were sparged with carbon monoxide, there was a transient high rate of uptake of butyrate, with concomitant formation of butanol but not of acetone. The absence of acetone production rules out involvement of a CoA transferase, contrary to previous suggestions that butyrate uptake in this organism occurs only through the CoA transferase (12) . It is likely that butyrate uptake under these conditions was catalyzed by the reversal of the PTB-butyrate kinase pathway, because no other pathways for butyrate uptake have been found in C. acetobutylicum (12) .
A more complete understanding of PTB is required to better understand the regulation and multiple roles of the PTB-butyrate kinase pathway. Isolation to homogeneity and partial characterization of butyrate kinase have recently been reported (10) . As was noted by Rogers (24) , understanding the properties of these economically useful biocatalysts is vital for improving or altering butanol fermentation by methods of recombinant DNA technology. This paper reports the isolation to homogeneity and the physical and kinetic characterization of PTB.
MATERIALS AND METHODS
Organism and growth conditions. C. acetobutylicum ATCC 824 was grown in a 14-liter fermentor (Microferm; New Brunswick Scientific Co., Inc., Edison, N.J.) sparged with nitrogen and controlled at 37°C and pH 6 .0. Maintenance of the organism, including storage, transfer, and heat shocking, has been described previously (20) . The medium 318 WIESENBORN ET AL.
contained, per liter of distilled water: KH2PO4, 0.75 g; K2HPO4, 0.75 g; MgSO4. H20, 0.4 g; MnSO4 H20, 0.01 g; FeSO4 7H20, 0.01 g; NaCl, 1.0 g; asparagine, 2.0 g; yeast extract, 5.0 g; (NH4)2SO4, 2.0 g; antifoam C, 0.2 ml; and glucose, 50 g. Cells were harvested by centrifugation when the optical density at 600 nm reached 8.0 and were then frozen in an acetone-dry ice bath and stored at -20°C. PTB assay. PTB was routinely assayed at room temperature in the butyryl phosphate-forming direction by monitoring the formation of a complex between CoASH and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) at 412 nm (1) . The assay contained, in a final volume of 1.0 ml, 0.1 M potassium phosphate (pH 7.4), 0.2 mM butyryl-CoA, 0.08 mM DTNB, and less than 0.02 U of PTB. Addition of enzyme initiated the reaction. One unit of activity is defined as the amount of enzyme that converts 1 ,umol of butyryl-CoA per minute under these conditions. The extinction coefficient was 13.6 mM-1 cm-1 (6).
Protein assay. Protein was assayed by the method of Bradford (4) . Bovine serum albumin was the standard.
Other assays. CoASH in stock solutions of both CoASH and acyl-CoA compounds used in kinetic and substrate specificity studies was determined by adding DTNB and measuring the initial change in A412 (8) . The extinction coefficient again was 13.6 mM-1 cm-'. The assay contained 70 mM potassium phosphate (pH 8.0), 0.08 mM DTNB, and CoASH diluted to give an absorbance change of less than 1.0.
Concentrations of acyl-CoA compounds in stock solutions used in kinetic and substrate specificity studies were determined by incubating the acyl-CoA compound with neutral hydroxylamine for 1 min to release CoASH and then measuring the released CoASH as described above (8 (ii) Step 2. Ammonium sulfate precipitation. Recrystallized ammonium sulfate was added to a final concentration of 1.0 M in the extract at 4°C. After 30 min, this preparation was centrifuged at 32,000 x g for 30 min, the pellet was discarded, and ammonium sulfate was added to 1.6 M. After 30 min, this preparation was centrifuged at 32,000 x g for 15 min, and the supernatant was discarded. Pellets were suspended in buffer A to a final volume of about 50 ml and then stored at -20°C. Step 5. High-pressure liquid chromatography with an anion-exchange column. A SynChropak AX1000 anion-exchange column (SynChrom, Inc., Linden, Ind.) was used with a high-pressure liquid chromatography system (Laboratory Control Data, Riviera Beach, Fla.). The column (4.6 by 250 mm) was equilibrated at room temperature with buffer C containing 25 mM potassium phosphate. Dry PTB from the previous step was dissolved in 2 ml of the equilibration buffer and then applied to and eluted from the column in four 0.5-ml injections. The PTB activity was eluted with a linear gradient from 25 to 100 mM potassium phosphate in buffer C over 45 min at 1.0 ml/min. The column was washed with 10 ml of 250 mM potassium phosphate in buffer C between injections. Fractions with high PTB activity (totaling about 24 ml) were combined and concentrated to 1.5 ml by using Centriflo Product inhibition studies were performed in both the butyryl-CoA-forming and butyryl phosphate-forming directions. In the butyryl-CoA-forming direction, the inhibitory effect of each product (butyryl-CoA and potassium phosphate) was tested by alternately fixing the concentration of one substrate at twice the value of its Km (0.15 mM CoASH and 0.52 mM butyryl phosphate) while using variable concentrations of the other ( The final purification step, high-pressure liquid chromatography with a hydrophobic-interaction column, was used to ensure that the PTB preparation was homogeneous for raising antibodies. The slight decrease in activity associated with the last step indicates the presence of some inactive PTB. This step also yielded two peaks of PTB activity. The first peak was sharp and contained 56% of the eluted activity. The second peak was broader and irregular in shape. Sodium dodecyl sulfate-gel electrophoresis showed a single band for each peak, both corresponding to a molecular weight of 31,000. Probably the second peak resulted from dissociation into subunits in the high-salt environment and later reassociation into active enzyme in the low-salt buffer. The homogeneity of the PTB preparation as determined by sodium dodecyl sulfate-gel electrophoresis is shown in Fig.   1 fitted by a family of parabolic curves rather than straight lines (Fig. 2) .
The pattern of competitive inhibition by butyryl-CoA, together with the complex inhibition shown in Fig. 2 , is not consistent with an ordered Bi Bi binding mechanism (25) . The nonlinearity of Fig. 2 and the noncompetitive inhibition by phosphate are atypical for a classical random Bi Bi binding mechanism; however, a likely explanation for both phenomena is that phosphate influences each catalytic site at more than one binding site as indicated above, although nonlinearity from a steady-state random mechanism cannot be excluded.
Product inhibition constants (Table 2) were similar to the Km values and suggested that butyryl phosphate and butyrylCoA are relatively important inhibitors of the reactions that form them. In contrast, phosphate was a relatively weak inhibitor of the butyryl-CoA-forming reaction.
pH dependence. The pH dependence of the reaction in both directions is shown in Fig. 3 . In both directions, the percent activity was very sensitive to pH changes within the pH range of 5.5 to 7.0, the range of internal pH in typical fermentations (13) . This result was most markedly true in the butyryl phosphate-forming direction, in which the enzyme was virtually inactive at a pH of about 6 .
Activity with other acyl-CoA substrates. PTB had a fairly broad substrate specificity in the acyl phosphate-forming direction (Table 3) . Activity with acetyl-CoA was negligible compared with PTA activity in the crude extract and small relative to activity with butyryl-CoA.
The formation of acetyl phosphate by pure PTB was studied in more detail over a range of concentrations of acetyl-CoA and phosphate. At 30°C and pH 8.0, the Km values for acetyl-CoA and phosphate were 6.2 and 610 mM, respectively. The dissociation constants were 0.028 and 2.8 mM, respectively. On double-reciprocal plots, the kinetic data could nearly be fitted with a family of parallel lines, in contrast to the converging lines observed for plots of data obtained in the butyryl phosphate-forming reaction.
Other enzymes that exhibit parallel lines with one substrate and converging lines with another have been previously described (22) . The appearance of parallel lines in these cases does not indicate a ping-pong binding mecha- (Fig. 3) , which is in agreement with in vivo observations reaction was carried out with 10 mM MES [2- 55, 1989 on September 30, 2017 by guest http://aem.asm.org/ pathway are reversible, it has been suggested that the level of the butyryl phosphate precursor also increases (9) . The relatively low inhibition constant for butyryl phosphate shown in Table 2 indicates that an accumulation of butyryl phosphate should also significantly reduce the net rate of phosphorylation of butyryl-CoA.
It is noteworthy, however, that the relative activity of PTB in the butyryl-CoA-forming direction is not as sensitive to pH change. The relative activity at pH 5.5, although low, is significant and does not preclude the possibility that this pathway sometimes operates in the butyrate uptake direction under conditions of low external pH.
Other interesting features of PTB are its inhibition by ATP and broad substrate specificity. ATP inhibition of the butyryl phosphate-forming reaction suggests another feedback control mechanism, since ATP is a product of the PTB-butyrate kinase pathway. Since PTB is also somewhat inhibited by AMP and ADP, and the in vivo level of ATP appears to be generally less than 2 mM (C. L. Meyer, Ph.D. thesis, Rice University, Houston, Tex., 1987), the inhibitory effect of ATP may not be physiologically significant. CoA transferase and butyrate kinase from C. acetobutylicum also exhibit broad specificities (10, 11) . Jewell et al. (14) demonstrated that propionic, valeric, and 4-hydroxybutyric acids can be taken up by C. acetobutylicum and converted to their respective alcohols. This broad specificity could be the basis for other novel fermentations.
